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Temperature coefficients for the kinetics of reactiordCHBr — HCI(v,j) + Br have been measured in the

range 228-368 K using the very low-pressure reactor (VLPR) system. This experimental technique permits
measurement of both the reactant consumption and product formation rates under second-order conditions
and achieves mass conservation of498% for the overall chemical change in the reactor. Thermalization

of vibrationally and rotationally excited HCI product is well attained in this system. A simple Arrhenius
function describes the thermal rate constark 5(1.994 0.10) x 107! exp[—(710+ 29)RT] cm3/(molecule

s). The measured activation energy is in good agreementyith0.72 kcal/mol obtained from total energy
balancing of energy partition among the reaction products, whilétfeetor indicates a bent configuration

of the transition state.

Introduction Equally important is the accurate determination of the

temperature coefficients for reaction 1. The translational

contribution,E, + (3/2)RT, to the total energy of the reaction

N systeni may constitute 9%, and this thermal energy, together

Cl + HBr —HCl(v, j) + Br, AH,= —15.7 kcal/mol with the rotational RT) contribution, provides the excess energy
for v = 1, 2 excitations of HCI product. Witk, ~ 0, they =

is a prominent representative of the healight—heavy type 2 excitation of HCI could hardly be achievédOn the other

of elementary hydrogen exchange reaction of atowliatomic hand, ,f'i QCT calculat|6nW|t_h d_ynamlc varlables not “cali- .
molecules. brated” for known thermal kinetic data of reaction 1 results in

E, as high as 1.9 kcal/mol derived from the calculated rate
constants at 300 and 1000 K. Consequently, it also gives a
high-energy disposal of 58% for the= 2 excitation of HCI

product compared to the 20% found by IR chemiluminescence

The relatively fast and exothermic reaction of

In our preceding papémwe have shown that our very low-
pressure reactor (VLPR) system is well suited for the chemical
kinetic investigation of reaction 1 under second-order conditions
at 298 K temperature. Mass spectrometric analysis allows us

. -~ measuremert.
to measure both the reactant consumption and product formation

rates, providing therewith an excellent mass balance cross-checkforDr'éze;;[tigr):ple g:gegéglr;;?g;ens dosfotrzee ﬁTﬁ:r;agjrf C%%‘i:gi'spts
Variations of residence times in the flow cell reactor using ’

different sizes of reactor exit orifices make it possible to identify .S'al'lo'.ll T_herefore, we ha\(e decided to proceed with our VLPR

the existence of any side reactions, such as the wall removal ofnvestigation of.reactlon 1 in the range 22868 K. The results

Cl or Br atoms-which are effectively prevented by the thin are presented in the following.

Teflon coat of the reactor inner surfacer the back reaction . .

of Br atom with vibrationally excited HCI product. It was also EXPerimental Section

shown that although the relatively long residence time compared The VLPR system used for these measurements is the same

to the spontaneous emission decay of all excited species formedhree-stage, all turbo-pumped system in which the 298 K

ensures a complete thermalization, the collisional quenching jnvestigations were carried otit.

alone is also sufficient to reduce H@J(to below 1% of the The thin Teflon-coated, cylindrical reactor cell of voluivie

overall HCI concentration. = 217.5 cnd has a heating/cooling glass jacket connected to a
The knowledge of the well-defined thermal rate constant of thermostat bath circulator. At 333 and 368 K, a HAAKE FS2

reaction 1 has some theoretical and practical significances. Ittype circulator was used. It was repleaced at 265 and 228 K

can be used for selecting accurate parameters of the potentiaby a Neslab ULT-80DD refrigerated bath circulator. Two

energy surface for quasi-classical trajectory (QCT) stutipf thermocouples are mounted in the heating/cooling jacket, one

exoergic reaction 1. This will give a Londetyring— at the bottom, the other at the top of the reactor cell, and the

Polanyi-Sato (LEPS) surface calibrated with known thermal circulation speed of the bath fluid is adjusted to eliminate any

kinetic data, whereupon the vibrational and rotational energy measurable temperature difference between the two thermo-
disposals in the forward reaction 1 can be calculated from couples. A heat-insulating cover is also applied to the outer

detailed balancing and microscopic reversibifity. surface of the reactor jacket to assist the uniform temperature
Since reaction 1 is the pumping stage of a pulsed-GiBr setting and to avoid ice deposition at low temperatures. Such
chemical laser, the thermal rate constaris an input parameter,  thermostating keeps the reactor temperature wittirl °C over
along with initial vibrational and rotationab(j) distributions, the entire temperature range.
for the laser gain calculatioh’ The reactor cell operates in the Knudsen flow regime. The
reactor base is sealed to a Teflon-coated, rapidly adjustable slide
€ Abstract published irAdvance ACS Abstract&ebruary 1, 1997. mechanisr¥® having three interchangeable escape orifices with

S1089-5639(96)01694-5 CCC: $14.00 © 1997 American Chemical Society
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TABLE 1: Increase in Br Mass-Signal Intensity Ratio (IR) with Microwave Power in the Cl-Free Systent

IBr IBr

x 104, V, =20V x 104, V, =40V
microwave power, W lgy + lhgr ! lgr + lhgr '
0 0.23+0.01 25.45+ 0.04
20 2.49+0.12 27.05+0.22
30 2.30+ 0.02 27.33+ 0.07
40 2.63+ 0.06 27.604+0.18
50 2.76+ 0.06 28.05+ 0.10
60 3.14+ 0.04 27.96+ 0.02
70 3.09+ 0.02 27.614+ 0.15
80 2.95+ 0.04 28.32+ 0.07
AIIRW) — IR(W = 0)]average 2.36+ 0.29 2.25+ 0.40

aFlow rates usedF(He) = 3.245x 10'® and F(HBr) = 2.69 x 10' molecules/(cris). T = 333 K, orifice ¢3, YP; = 0.31 mTorr.

diameters of 0.193, 0.277, and 0.485 cm. This change in theturned off. The HBr fragmentation ratios measured with both
gas escape rate permits variation of the reactor residence time20 and 40 V mass spectrometry are the same, within the error
by a factor of 5 in three steps. The use of these orifice sizes in limits, as those we have reportedr fragmentations with pure
different experimental runs is indicated a&s, ¢3, and ¢s, HBr flow variation measurements. But when the microwave
respectively, in Table 2 and marked with different symbols in on the He flow line is turned on, the Br atom signal ratio jumps
Figure 1. With our reactor volum¥,, the first-order escape up by an average of 2.3% and stays fairly constant with
rate constants for a gas component of nidsare given bykem increasing microwave power. We have found that when the
= ay(T/M)¥2 571, whereT is the absolute temperature amg= microwave discharge is operated with pure He flow, a small
0.258 forg,, 0.546 forgs, and 1.321 fors orifices® All escape but well reproducible H atom signal appears in the mass
rate constants appearing in eqs 1, la, and 2 were calculatedspectrum atn/e = 1. This signal disappears as soon as the
with the above formula at different temperatures. With the relatively large HBr flow is started up. It indicates that our
reactor surface area of 222 grdepending on the escape orifice Hz;POs-coated discharge tube produces H atoms that then react
size used, wall collisions are generally?+10® times more upon mixing in the reactor with HBr. By use of £file flow
frequent than reactive collisions in the cell. through the microwave, that H atom content is converted into
The VLPR technique delivers an effusive molecular beam HCI before arriving at the reactor cell and is included in the
through the selected exit orifice, which is chopped by a tuning measured HClI signal value (see column 2 of Table 2). It also
fork and further collimated by two pinholes at the entrances of justifies the use of our original HBr fragmentation data
two successive differentially pumped chambers to reduce the measured with pure HBr flow for Br and HBr mass signal
background mass signals. This beam is sampled with the off- corrections.
axis mass analyzer of a BALZERS QMG 511 quadrupole mass The mass intensity signal, after corrections for background
spectrometer whose mass signal is fed to a phase sensitive lockand fragmentation, is proportional to the steady-state concentra-
in amplifier tuned to the chopping frequency. Mass ranges of tion of a given substance in the reactor. This strictly linear
kinetic interest are repeatedly scanned, usually ZBtimes to proportionality is established by measuring the given mass signal
give a good statistical average, and the mass intensities areintensity (uv) as a function of the specific fluk(M) according
recorded for data acquisition. Each mass signal is correctedto the relationshipy = awF(M), whereay is the mass spectral
for its small background value recorded prior to start-up of efficiency for an ion peak of mass M ag(M) = flux/V; in
reaction. molecule/(cm s). The steady-state concentration of the gas
Gas inlets are located at the top of the reactor cell for separatecomponent of mass M can then be calculated from the relation
inlet flows of Ch/He composition and HBr. They are preceded [M] = F(M)/kev. These formulas are universally applied to
by resistive capillary flow subsystems for regulating the fluxes convert the measured mass signal intensities into concentrations
of initial gas components with the use of Validyne transducers. given in Table 2.
The flow of a Ch/He mixture traverses a phosphoric acid-coated  Our mass analyzer is quite sensitive for the HBr specific flux
quarz discharge tube centered in the OPTHOS microwave measurementoy, = (8.134 0.18) x 10-11with 20 V (slightly
generator cavity of a McCarrol antenna before arriving at the less thanuc) and (2.409+ 0.024) x 1010 with 40 V mass
tapered capillary inlet of the reactor cell. spectrometry. This permits very accurate concentration meas-
This strictly controlled gas inlet and outlet dynamics establish urements with very small fluctuations.
the well-defined steady-state conditions in the reactor cell. Back-  In a typical operation the @He flow is started first, using a
diffusion from the reactor to upstream gases is prevented by 4.5% Cl/He gas mixture (both are Matheson research-grade
the very small conductance of inlet capillaries compared to the gases) and the signal intensities of, @hass isotopes are
conductance of exit apertures. We have never encountered anyepeatedly scanned using 20 V electron energy in the mass range
problem with back-diffusion of gases into the microwave m/e= 70—74 for checking the instrumental reproducibility of
discharge region. Since the study of thetHHBr reactiort mass spectral efficiencyc,. Then the microwave generator
carried out in an identical VLPR system showed some HBr is turned on and its power is adjusted to 100% dissociation of
back-diffusion in conjunction with the observed H atom balance Cl,, controlled by observing the disappearance of @hss
deficiency and small Brformation, which is inversely propor-  signals. Mass range 338 is scanned using 20 V electron
tional to the microwave power, we decided to check this problem energy to record the mass signal intensities of Cl atom isotopes
by running our microwave discharge with pure He flow. The atm/e= 35 and 37 and those of HCI at/e= 36 and 38. The
results are summarized in Table 1. initial CI/HCI distribution is obtained from these data (column
In the first line of Table 1, the data are obtained with 2 of Table 2), and the initial Cl concentration is calculated as
concurrent but separated He and HBr flows and the microwave [Cl]o = 2F(Ch)I°c/(1% + 1%c))keci (column 3 of Table 2).
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TABLE 2: Initial Concentrations @ of Cl and the Final Steady-State Concentrations of Reactants and Products Measured in the
Experimental Runs

I° | |
- Clo x 107 < x 107 — B 5 10
NO.kpx o+ Pha [Cllo ler + lha [CI] lgr t lhgr [Br] [HBI] S PP
T=368 K
1/p2 44.95 15.96 12.08 4.290 84.500.55 17.16 3.17 0.66
2/p2 44.95 15.96 5.98 2.124 72.830.09 20.56 7.72 0.69
3/p2 47.39 16.83 3.86 1.371 62.270.27 23.29 14.20 0.72
4/p2 49.32 20.73 4.88 2.051 70.600.27 28.23 11.83 0.84
5/¢2 49.32 20.73 2.85 1.198 59.930.55 30.40 20.45 0.88
6/p3 50.80 9.39 23.80 4.401 71.970.08 6.88 2.70 0.34
713 50.80 9.39 14.93 2.761 62.250.54 9.88 6.03 0.36
8/¢3 50.80 9.39 8.76 1.620 49.570.45 11.21 11.48 0.39
9/¢p3 53.15 11.63 8.66 1.895 53.200.45 14.05 12.44 0.46
10/p3 53.15 11.63 6.72 1.471 49.620.21 15.13 15.46 0.47
115 58.68 4.49 38.70 2.961 43.340.45 2.32 3.05 0.16
12/p5 61.81 473 30.21 2.311 37.40.29 3.46 5.93 0.16
13/p5 61.81 4.73 22.79 1.744 30.930.20 4.46 10.03 0.18
14/p5 53.13 4.81 20.82 1.885 32.560.24 4.11 8.56 0.20
T=333K
1/p2 51.80 17.25 20.34 6.774 88.810.31 16.24 2.06 0.55
2/¢2 51.80 17.25 12.43 4.140 83.900.61 22.02 4.25 0.58
3/p2 51.74 18.60 8.42 3.026 77.480.99 22.48 6.58 0.63
4/pp2 51.74 18.60 5.65 2.031 69.530.49 24.50 10.80 0.65
5/p3 56.89 9.86 24.92 4,105 70.680.71 7.84 3.27 0.29
6/¢3 56.89 9.86 19.10 3.312 66.910.43 10.17 5.06 0.31
7l$p3 56.89 9.86 12.62 2.188 56.400.35 11.42 8.88 0.33
8/¢p3 56.89 9.86 7.41 1.285 43.330.07 13.04 17.17 0.36
9/p5 56.98 4.09 34.88 2.402 37.350.11 2.34 3.96 0.13
10/p5 56.98 4.09 28.88 2.072 34.340.31 3.05 6.03 0.14
11/p5 56.98 4.09 21.18 1.520 27.390.36 3.79 10.20 0.15
12/p5 56.98 4.09 19.09 1.370 20.690.06 4.08 12.18 0.16
T=265K
1/p2 48.10 20.13 6.25 2.615 70.620.95 25.37 10.62 0.59
2/p2 48.10 20.13 3.46 1.448 59.490.85 28.03 19.41 0.62
3/p2 45.59 17.62 2.45 0.947 47.620.21 24.55 26.79 0.60
4/$3 55.53 12.10 10.07 4,155 68.290.83 12.78 5.97 0.31
5/¢3 55.53 12.10 4.93 1.074 35.690.35 16.62 30.13 0.38
6/p3 55.53 12.10 8.85 1.928 50.420.54 15.69 15.53 0.34
7Ip3 50.84 15.32 13.98 4,213 68.170.95 16.73 7.86 0.42
8/p3 56.36 16.98 7.63 2.299 54.580.41 22.42 18.78 0.47
9/¢p5 54.47 4,91 2237 2.017 29.810.28 4.43 10.50 0.15
10/p5 55.09 4.59 32.40 2.698 36.630.25 2.84 4,94 0.12
11/p5 55.09 4.59 12.91 1.075 19.@00.35 5.37 23.05 0.18
T=228K
1/p2 52.71 23.78 14.13 6.374 84.#00.65 26.74 4.86 0.53
2/¢2 61.43 27.71 8.65 3.902 77.610.67 36.26 10.69 0.57
3/p2 61.43 27.71 4.92 2.220 66.420.53 39.66 20.18 0.60
413 52.54 17.07 21.12 6.861 76.470.27 15.42 4.78 0.38
5/¢3 64.37 20.91 15.94 5.178 70.6800.49 23.48 10.13 0.41
6/¢3 64.37 20.91 8.71 2.830 55.430.97 27.82 22.51 0.45
TIp3 56.53 13.28 20.41 4,794 68.160.67 13.22 6.21 0.28
8/p3 58.33 13.70 7.46 1.752 45.460.48 20.13 24.31 0.34
9/¢p3 51.59 5.01 30.14 2.929 35.660.46 2.83 5.14 0.12
10/p5 51.59 5.01 14.95 1.453 21.480.34 5.61 20.62 0.16
11/p5 51.59 5.01 24.31 2.363 30.320.30 3.90 9.02 0.13

a All concentrations are in units of 1Dparticles/crd. ® 3P, is the total pressure in mTorr units of the system calculated from steady-state
concentrations including HCI and He.

Next, the flow of pure HBr (Matheson 99.8% purity, further 1. With two isotope compositiong®8r and®Br) and with two
purified by trap-to-trap distillation) is started and increased different electron energy measurements, four data points are
gradually until a sizable decrease of Cl mass signal is achieved.obtained for the Br/HBr changes in each run. Their average is
Mass range 3538 is scanned again, and the new CI/HCI given in column 6 of Table 2. The steady-state concentration
distribution and the steady-state Cl concentration are calculatedof Br atom can be obtained from the inlet flow rate of HBr,
(columns 4 and 5 of Table 2, respectively). Afterward, the mass since [Br]= F(HBr)olg/(Igr + Iner)kesr (cOlumn 7 of Table 2),
spectrometer is tuned to scan the mass rangeB2using 20 while the use of the complementary factor withg: gives the
eV and then 40 eV energy. By correction of these mass signalssteady-state HBr concentration (column 8 of Table 2).
for the known HBr mass fragmentation rafias 10%o/(179 + Mass ranges 114118 and 158162 were also checked
lgo) = 0.30 £ 0.08 with 20 V and 25.64t 0.19 with 40 V regularly for possible traces of BrCl and Bside reaction
electron energy (and the same for-882 mass combination),  products. No evaluable signal increase of these masses over
they give the Br/HBr steady-state distribution due to reaction their background values was ever observed.
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Results The precision values of thefactor and the activation energy
are both 5%. Such precision is consistent with the very high

The well-controlled inlet and outlet flow of gas components precision found at each temperature of the rate constants

establish the true steady-state condition for all chemical changes(~1.5%).

in the reactor cell. Hence, all kinetic equations are reduced to  The results of Nicovich and WiAgare also shown in Figure

algebraic equations. With the knowledge of initial and steady- 3 (hexagons) after averaging their tabulated room-temperature

state concentrations, those equations can be solved for the ratelata ask; = (5.61 4+ 0.15) x 10712 cm®¥/(molecule s). The

constants of all reactions involved. Mass balance, confirmed upper line with square symbols represents the results of Mei

from mass spectral analysis of all species consumed andand Moore®22

produced, also shows that only one chemical reaction is

occurring, namely, reaction 1.

. . ~ Discussion
The steady-state condition of Cl atom consumption according
to reaction 1 gives the exact kinetic equation There are four previous temperature coefficient measure-
ment$~12 for reaction 1 accomplished with different experi-
A[CI] mental techniques. A comparison shows a small disagreement
—[CI] kec1 = Ky[HBI] 1) in the activation energy and about a factor of-1230 in theA

factor values. Temperature coefficients derived from QCT
calculationg# are not independent, since the input parameters
for trajectory calculations are adjusted to a selected thermal rate
constant measured at 298 K.

[Br] _ A pr_eviqus attempt to apply_ the VLPR system to the kinetic
ﬁkeBrz ky[HBI] (1a) investigation of reaction 1 did lead to erroneous results. At
that stage of system development, the system variables had not
been explored enough to avoid errors (see comments in ref 1).
a'||'oo narrow a range of HBr concentrations were used, as well
as too a short temperature range. The zero activation energy
reported! is also not consistent with the thermal energy
requirement for HCl = 2) product generation. In addition,
A[Cl]kec) = [Brl ke, = A[HBIKgyg, = —A[HCl ke, (2) thgre is an erroneoubg estiangtion of gnmctor. The authotd
have used a 3D rotor together with a 1D rotor, an excess of
whereA represents the difference between the initial and final one degree of rotational freedom and then neg|ected an even
Steady'state concentrations. All measured concentration datQarger and opposite error, name|y, the correction for Changing

for solutions of egs 1, 1a, and 2 are given in Table 2 directly or standard states (1 atm to 1 mol/L). We correct these mistakes
can be be derived from these by simple combinations. later in this report.

The relative Cl atom consumption rates and the alternative  Relative rate measuremettin the Cl/(Ch)/C,Hg/HBr mul-
Br atom formation rates in different runs at selected temperaturesiicomponent flow system of about 25 ms contact time lead to
are presented in Figure 1, plotted according to egs 1 and la.g, — .82+ 0.12 kcal/mol andh = (4.1 + 0.2) x 1011 crrd/
Crossed symbols represent the data obtained from Br formationmglecule s) when the parameters of relative temperature

kinetics. The data fit straight lines passing through the origin. qefficients are put on the absolute basis using the known
This indicates the absence of side reactions including surface,5,e45 for the

reactions. Slopes give the rate contants of reaction 1 directly
at each temperature. Their values obtained with linear regres-

where A[CI] = [Cl]o — [CI]. Alternatively, the steady-state
kinetics of Br atom formation gives

The measured relations between specific fluxegyl), and
concentrations lead to mass balances between the chemic
displacement of all substances in reaction 1:

2
sion are shown in each figure. The HBr conversion is varied Cl+ CHg—HCl + C,Hg
between 19 and 89%, and it is measured on average with 1%
accuracy (column 6 of Table 2). standard reaction. Rate constant ratios were calculated from

Although the close accommodations of the data of Cl the measured relative decreases of HBr and ethane concentra-
consumption and Br formation kinetics indicate a good mass tions according to the simplified, approximate equation
balance, an overall view can be obtained by plotting the
experimental data according to the mass balance restriction eq k,  In([HBr]y/[HBr])

2 derived directly from the combination of egs 1 and 1a. Itis P In(C,Hd/ICH) (3)
done in Figure 2 by taking all relevant data pairs of Table 2. It 2 2 2

shows that all measurements, independent of the temperature

and residence time (orifice size) used, conform to an excellent The authors used some excess (not specified)irCtheir
mass balance. The slope (0.9790.011) indicates that our  system to convert £1s radicals produced in reaction 2 back to
mass recovery is 98%. This is the real power of our improved Cl, thus constituting a short chain reaction in conjunction with
VLPR system. step 2:

The temperature dependence of the measured rate constants
is presented as an Arrhenius plot in Figure 3 with filled circles C,Hs + Cl, 3 C,H:Cl + CI
that include thék value at 298 K from our earlier publicatidn.
The drawn line is fitted to these data, and it corresponds to the
Arrhenius equation

However, since the fastest process in the system is reaction
2, most of the Cl formed will be very rapidly reconverted back

_ —11 - to GHs. They were aware of some of the other reactions
Ky = (1.99+0.10)x 10 ™ exp[~(710+ 29)RT] occurring in this system but trusted to the excesg@inimize
cm®/(molecule s) their effect. Unfortunately some of them can reproduce or
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Figure 1. Dependence of relative Cl atom consumption and Br atom formation on the steady-state concentration of HBr according to kinetic eqs
1 (open symbols) and 1a (crossed symbols) at different temperatures. Symbols indicating the orifices used for given data pairs are: dotted circle
for ¢2, dotted triangle fop3, and dotted square fa@5.

consume @Hg and or HBr: rate constants for reactions 4 and 5 and a further reaction 7,
C,H; + HBr — C,Hs + Br (4) C,H;+ Cl— C,H, + HCI (7
C,Hs + Br— HBr + C,H, (5) none of the extreme choices for the various rate constants will

justify the use of eq 3 without correction.

We have modeled their system assuming a 50% decomposi-
tion of Cl, and 50% conversion of Cl to HCI in reaction with
the HPQOy wall coating. Using either high valu¥sof rate

— CHyo (6" constants for reactions 4, 5, and 7 or low valt&S$we find in
both cases a quite significant role of these side reactions in the
Although there is some controversy about the values of the 25 ms reaction time scale of Rubin and Persky’'s systevie

2CGH; — CHg + CH, (6)
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Figure 2. Flow balances between Cl atom consumption and Br atom
formation according to eq 2 with all orifices used and at all temperatures
of experiments.

In k
-25.21
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-26.4 .
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Figure 3. Arrhenius plot of rate constants of reaction 1. Filled circles

are present results from Figure 1 and the 298 K data from ref 1 giving

the lower line by regression. Hexagons represent the data of ref 12.

Upper line and squares show the data of refs 9 and 22.

are further unable to reproduce their high consumption of HBr
by factors of 1.4-2.8.
Our earlier study’@ has shown that the CF C,Hg reaction

Dobis and Benson

however, offering any additional data to support them, such as
modeling the system or considering the importanttBC,Hs
reaction. We were not given the opportunity to reply to these
comments.

The investigation of laser-flash-initiated reaction 1 in thg Cl
HBr flow system using infrared chemiluminescence (IRCL)
from excited HCI formed in the reaction gave a curved
Arrhenius relatior?,concave to the T/axis. Its form is unusual
in that only the high-temperature data (at 402 and 349 K) are
responsible for the curvature. Such deviation is usually indica-
tive of a complex mechanism involving two or more concurrent
chemical reactions. The authdrinterpret it instead as a
dynamic process coming from attractive attack of Cl on the Br
end of HBr followed by rapid bending or tunneling, or both, of
the H aton® to form the product HCH- Br. They suggested
that the direct attack of Cl on the H atom in HBr would have
a different rate.

Such an explanation, however, violates the second law. With
identical reactants and identical products and thus the fiaaie
transition state, the result must be independent of the actual
dynamic path. From the standpoint of transition state theory
(TST), the transition state is in equilibrium with reactants. This
equilibrium must be independent of the path to reach it! All
possible paths can occur. Some may have consequences for
different energy partition in the final product$?but this type
of detail is not within the province of TST. Rather, TST
includesall conformations and energies of the reactants in the
transition state.

By inclusion of the room temperature valuelaf= (7.4 +
0.7) x 1072¢cm¥/(molecule s) measured earlier using the same
IRCL techniqué?? the temperature dependent data can be fit to
a linear Arrhenius equation in the 46218 K range with a
regular scatter as shown in Figure 3 with square symbols. The
line of regression runs nearly parallel with our results, giving
A= (2.544 0.30) x 10711 cm®/(molecule s) and, = 0.70+
0.07 kcal/mol. Although the difference is small, we believe
that the 28% higheA factor arises from the use of IRCL signal
intensity resolution that does not take into account the HICI(
= 2) quenching rate and assumes a complete thermalization of
rotational state€? Since the transition state is of bent config-
uration (see later), the rotational energy partition is enhanced.
As we noted earliet,the IRCL system has no very effective
rotational relaxer for the short time scale of its kinetic measure-
ments.

Although the IRCL method extractk; from the HCI*
formation rate, the Cl atom resonance fluorescence technique
recoversk; from the Cl consumption rate measurement follow-
ing the laser flash initiation of reaction 1 in a similarEiBr
flow system!2 As shown in Figure 3, the measured data points
marked with hexagons are extremely close to our line in the
covered temperature range (maximum deviation of 10%).
Averaging the five parallel room-temperature data points, the
reported? A factor scatter is considerably reduced, givihg
(2.26+ 0.28) x 10711 cm?¥/(molecule s) andt, = 0.804 0.08
kcal/mol. In combination with our data, the Arrhenius param-
eters would beA = (2.104 0.17) x 10711 cm®¥/(molecule s)
andE; = 0.75+ 0.05 kcal/mol.

system has important side reactions. Its second-order kinetics Our VLPR technique is a steady-state system operating under
cannot be described by reducing the entire mechanism toreal second-order kinetic conditions, and we are measuring all

reaction 2. On the other hand, all four side reactior3 fhave
been identified and studied in a similar but less complex CI/
C,He/HBr three-component steady-state kinetic systém.

In a recent commeHt?on our preceding papérPersky has
repeated the arguments presented in the initial &péthout,

the rates of both Cl and HBr consumption, as well as the rates
of Br and HCI formation. Equation 2 shows the equality of
these rates, which we have demonstrated in Figure 2. It is the
most extensive investigation of this apparently simple reaction
1. The measured activation energy also agrees well EB4th
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TABLE 3: Structural, Vibrational, and Rotational indicates that the transition state is bent. The obsen/ttbat
Parameters for Transition-State Calculation the HCI product has a high level of rotational excitation suggests
parameters Cl HBr GH-Br that the separation of products is on a repulsive surface. We
mass 3545 80.91 116.36 may expect rapid relaxation of HEJ(n our system by the He
r(H—Br)2 A 1.41 1.71 carrier.
r(Cl—H),2 A 1.58
v, et 2650 see Table 4 Conclusions
moment of inertif (amu A2) ) ) ) ) )
linear TS 1.979  266.297 The improved VLPR system is well suited for the investiga-
1.979  266.297 tion of temperature coefficients of reaction 1 in the temperature
0.0 0.0 range 228368 K. Quick relaxation of vibrationally and
bent TS (43) gg;;gi rotationally excited HCI product is achieved. This prevents the

0.394 initiation of HCI(v, j) side reactions with either Cl or Br atoms,
o thus providing the ability to make thermal rate constant
ar*(H-Br) = 1.41+ 0.30 A andr*(CI-H) = 1.28+ 0.30 A. Principal measurements
moments of inertia for both the linear and bent transition states were : . .
calculated using the GEOM section of the UNIMOL packége. The_ second-order rate measurement_ technique permits ob-
servation of both the reactant consumption and product forma-

TABLE 4: Transition-State Entropy Calculations for the ClI tion rates, which gives a mass conservation oft98% for the
+ HBr Reaction overall chemical change in the VLPR system. This is a
Aoz S Aoz S powerful check for the absence of any chemical side reactions.
partial contributors (linear) (bent, 45) At the same time, this technique improves precision and
model reaction C# HBr — [HBI]* —39.49 —39.49 probably the accuracy of rate constant measurements.
translation 1.08 1.08 Rate constants measured at different temperatures give a
electronic 1.38 1.38 normal Arrhenius behavior witky = (1.99+ 0.10) x 10711
rotation 9.74 13.13 exp[—(710 £ 29)RT] cm3/(molecule s), where the activation
‘fbﬁa_“g”a 0.00 0.00 energy well agrees witlE, = 0.72 kcal/mol obtained from
+§H-Br)r1)12:05?RC)b 0.00 0.00 total energy balancing of product energy partitions. Atfactor
+(H+Cl)2023 0.00 0.00 value points to a bent transition state configuration. As shown
+2(Cl-H-Br)as0 1.70 in Figure 3, our temperature dependent measurements are in
+(CI-H-Br)aso 0.85 good agreement with rate constants extracted from the Cl
totals —25.59 —23.05 consumption rate measured with time-resolved Cl resonance
aVibrations of partial bonds are calculatechds= 0.7v cm™. * RC fluorescence after laser flash initiation of the/8IBr systemt?
= reaction coordinate asymmetric -Br-Cl stretch. Agreement with time-resolved (IRCL) measurements of the

HClI(v, j) product formation raf&?? is somewhat less in part,
we believe, because of a slight overestimationkpidue to
inadequate rotational quenching and some extra IRCL emission
from the v = 2 state of HCI product.

0.72 kcal/mol obtained from a total energy balance measured
in the reaction products.

The transition state geometry is also an interesting point of
potential energy surface calculations for reaction 1. Deviation

from a colinear triatomic configuration will deepen the entrance Acknowledgment. This work has been supported by a gift
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or tight transition state geomet#§/js known as a quick test for
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